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Abstract: High discharges at hydropower plants (HPP) may mask fishway attraction flows and,
thereby, prevent fishes from locating and using fishways critical for their access to upstream spawning
and rearing habitats. Existing methods for determining attraction flows are either based on simple
guidelines (e.g., a proportion of HPP discharge) that cannot address the spatial and temporal
complexity of tailrace flow patterns or complicated studies (e.g., combinations of detailed hydraulic
and biological investigations) that are expensive and time-consuming. To bridge this gap, we present
a new, intermediate approach to reliably determine attraction flows for technical fishways at small to
medium-sized waterways (mean annual flow up to 400 m3/s). Fundamental to our approach is a
design criterion that the attraction flow should maintain its integrity as it propagates downstream
from the fishway entrance to beyond the highly turbulent zone characteristic of HPP tailraces to
create a discernable migration corridor connecting the fishway entrance to the downstream river. To
implement this criterion, we describe a set of equations to calculate the width of the entrance and the
corresponding attraction discharge. Input data are usually easy to obtain and include geometrical
and hydraulic parameters describing the target HPP and its tailrace. To confirm our approach, we
compare model results to four sites at German waterways where the design of attraction flow was
obtained by detailed experimental and numerical methods. The comparison shows good agreement
supporting our approach as a useful, intermediate alternative for determining attraction flows that
bridges the gap between simple guidelines and detailed hydraulic and biological investigations.
Keywords: upstream fish migration; fish passage; ecological connectivity; hydropower plants;
attraction flow; turbulent jet; turbine tailrace
1. Introduction
As mandated by the European Water Framework Directive [1], effective fishways
must be constructed to restore connectivity in rivers fragmented by dams, weirs, and
hydropower plants (HPP) to enable fishes to reach spawning and rearing habitats with
minimal delay [2]. One of the primary challenges to developing effective fishways is
determining an optimum attraction discharge that creates a migration corridor that fish
can efficiently follow from the downstream river, through the highly turbulent tailrace
of the HPP, and to the entrance of a fishway. A carefully developed attraction discharge
both minimizes migration delay for fishes, but also minimizes revenues foregone by the
HPP [3].
Adequate methods exist to describe hydraulic conditions in the vicinity of a fishway
entrance. However, anticipating fish behavior to a specific flow pattern is difficult because
swimming speeds, swim path selection, and response to turbulent flows varies consid-
erably among species [4–8]. The concept of a contiguous migration corridor based on
an ecohydraulic velocity classification is a practical way to integrate fish behavior with
hydraulics to assess migration corridor alternatives [9–11]. Alternatively, velocity visualiza-
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tion can be used to qualitatively assess if suitable flow conditions are contiguous between
the fishway entrance and the river downstream of the turbulent generation boil [12,13].
Present approaches to determine attraction flow use either fractions of concurrent
river discharges or physical and numerical modelling methods. Dams at large French
rivers utilize attraction discharge rates of 10% for minimum river flow and of 1–1.5%
for maximum design flow [14]. For salmonids in rivers with mean annual flow greater
than 28 m3/s, US–American guidelines [15] recommend attraction discharge between 5%
and 10% of the design high flow, defined as mean daily streamflow being exceeded 5%
of the time during migration period. For fishways in England and Wales a minimum
discharge of 5% of the average annual daily flow (MQ) is recommended, and, if possible,
considerably more [16]. The same guideline recommends attraction discharge between 5%
and 10% of maximum turbine discharge at dams with hydropower usage, the larger value
applying at small facilities and those locations where the entrance is not optimally located.
Ease of use and rapidity of application are the main advantages of using proportions
of a concurrent discharge as the basis of determining attraction flows. However, the
effectiveness of the attraction flow not only depends on discharge proportions but also on
attraction flow propagation, which in turn depends on flow velocities and is influenced
by several other factors, such as the type of turbine, geometric dimensions of the HPP or
hydraulic conditions [9], which are neglected by this approach. Notably, using proportions
of a concurrent discharge for attraction flow assessment does not address the spatial and
temporal complexity of tailrace flow patterns and its impact on fish orientation.
Alternatively, detailed physical or numerical model investigations are used to de-
termine attraction flow for fishways. Hydraulic laboratory model investigations of the
Lauffen Dam at the Neckar River (Germany) revealed that a discharge equal to 5% of the
adjacent maximum turbine flow create satisfactory migration corridors downstream of the
fishway entrance based on ecohydraulic criteria [17]. Gisen et al. [9] verified Larinier’s
general discharge recommendations [14] with a transient 3D hydrodynamic-numerical
model of attraction flow for the fishway at Kochendorf Dam on the Neckar River. Other
investigations used physical or numerical models to assess attraction flow [11–13,18]. The
review above reveals that attraction flow assessment approaches can be done quickly, are
relatively inexpensive, but uncertain; or need more time, are expensive, but less uncertain.
Both approaches have shortcomings which hinder effective planning: uncertain methods
increase the risk of failure (i.e., the fishway does not meet performance goals) whereas
time-consuming complex methods decrease the risk of failure, but increase the expense
and duration of the planning processes. We conclude that presently there are no widely
accepted, relatively quick (i.e., analytical), and reliable methods to determine attraction
discharge so that fishway designers are left with the choice of one of two approaches, either
of which is suboptimal.
We propose a parametric approach to determine fishway attraction flows at typical
dams on German waterways with mean annual discharges up to approximately 400 m3/s.
In the next sections we (1) briefly describe important solid and hydraulic boundary condi-
tions, (2) derive design criteria based on literature on fish and turbulence, (3) establish a
design procedure to calculate attraction discharge, (4) apply them at four hydropower dams
on German federal waterways, (5) gauge the usefulness of our approach by comparing our
results to the results of detailed hydraulic studies available at the four study dams, and
(6) discuss the reliability of the proposed methodology and indicate where future research
may increase performance.
2. Design Approach
2.1. Boundary Conditions in a Turbine Tailrace
Most of the approximately 100 dams with HPP in the German federal waterways
system do not include functional fishways. The average annual flow of these rivers ranges
from tens to 400 m3/s which mirrors the approximate design discharges of the respective
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HPP. A typical design of a dam with navigation lock, weir and HPP and an example of a






Figure 1. (a) Typical scheme of a hydropower dam at federal waterways in Germany. (b) Photograph of turbine tailrace of
Lauffen (Neckar River, Germany).
Highly turbulent flows occur immediately downstream of the draft tubes (turbine tail-
race) as turbine releases impact the solid boundary of the channel and energy dissipation
structures (if they occur) used to protect the river channel from erosion. Although draft
tubes are used to convert kinetic energy into static pressure energy, and consequently to
reduce flow speed, mean velocities at the draft tube exit section are still in a typical range
from 1 to 2 m/s. Tailrace water velocities are not homogenous, but can vary substantially
over time and space as the dynamic, helical discharge from each turbine interacts with dis-
charges from neighboring turbines and with the channel solid boundary forming vortices
and turbulent structures of a range of sizes [19–21]. Typical surface-observable features
of mixing processes in the tailrace are boils, eddies, and reverse flows which vary in size
and energy over space and time (Figure 1b). Boiling results from vertical movements of the
flow and is observed downstream of the draft tube exit section at discharges higher than
70% of the turbine design discharge [22]. Reverse flows are observed at the water surface
near the draft tube exit section [13]. For brevity, we refer to this highly turbulent area as
the turbulent zone (TZ). Per definition, the downstream extent of the turbulent zone ends
where vortices and turbulent features have largely dissipated and most water velocities are
in the direction of the main river flow.
2.2. Design Criteria
Developing the parametric approach, we start with the current state of the art for
the construction of fishways in Germany. The following specifications are particularly
important (Figure 2):
1. The bankside fishway entrance should be located as close as possible to the obstruc-
tion, which, in the case of HPPs, is the draft tube exit section [4,10,14].
2. The attraction discharge should be sufficiently large to prevent the intrusion of tur-
bulent structures associated with turbine operation into the fishway entrance bay. A
sufficiently large attraction discharge creates an uninterrupted directional signal that
guides fishes towards the entrance and reduces the presence of constantly changing
flow vectors which may disorient or hinder the movement of fish towards the fishway
entrance, particularly at high discharges [10,23,24].
3. The entrance water velocity should not exceed the design slot water velocity of the
fishway [10,14].
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Figure 2. Scheme of fishway entrance at hydropower plant tailwater. Entrance bay and attraction flow are used to create a
migration corridor where flow conditions meet hydraulic requirements such as directional flow and comparatively low
turbulence; LAF = length of a coherent attraction flow jet; LTZ = length of the turbulent zone.
Moreover, the approach requires to establish additional detailed criteria based on fish
ecological considerations, literature findings describing fish behavior during migration
and aspects of technical feasibility:
4. A migration corridor for fish approaching the HPP should be located laterally to the
turbulent zone (see entrance bay in Figure 2).
5. Minimum time-averaged water velocities of the attraction flow, vattraction, must (a) sig-
nificantly exceed the rheotaxis threshold to give a clear signal to migratory fish [8,25]
and (b) not exceed design water velocities of the fishway. For our approach, we
assume vattraction to be 0.8 m/s. The attraction velocity considers design recom-
mendations for entrance velocities of fishways [10,16,26] and investigations on flow
perception of fish and their swimming behavior and performance [27–29].
6. Water velocities of the attraction flow must be comprised solely of positive flow
vectors to not distract fish [7].
7. The length of a coherent attraction flow jet LAF must not be shorter than the length of
the turbulent zone LTZ as highly turbulent conditions may disrupt the movement of
upstream migrating fishes [7,30,31]
LAF ≥ LTZ (1)
Since fishways in Germany must be operational at least 300 days during a year [10],
we evaluate Equation (1) for hydraulic conditions between Q30 and Q330, where Qn is the
river discharge and n are the average annual number of days at which the discharge is
not exceeded. Generally, HPP design discharges Qdesign are within this discharge range.
We assume that meeting Equation (1) at Qdesign will also meet the length requirement
for all intermediate discharges between Q30 and Q330 because the most critical turbulent
conditions in the tailrace occur at design discharge of HPP.
2.3. Length of Turbulent Zone
The turbulent zone with observable boiling and vortices in a turbine tailrace depends
on the swirl flow emerging from the turbines which is significantly influenced by design
features of the draft tube such as elbows and splitter walls as well as channel geometry.
It is difficult to accurately simulate the hydraulic effects of all of these features with
computational fluid dynamics at the scale at which fish make movement decisions. Even
if such studies could be accurately conducted, the interpretation of the results is equally
difficult because the biological response of most fish species is largely unknown. We
decided to develop an analytical equation to approximately estimate the downstream
length of the turbulent tailwater zone in keeping with the principle of parsimony employed
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in our approach. Vortices generated in turbine and draft tube are transported in vertical
and longitudinal direction into the tailrace. Considering the flow propagation, we assume
that lengths and velocities in the tailwater near the river bank behave similarly, so that
the ratio of LTZ and hDT (defined below) is equal to the ratio of bulk exit velocity vm
and vertical velocity vvertical caused by the helical nature of the discharges from the draft
tube (Figure 3). Above all, we assume that lateral propagation is of minor importance for
the bankside turbine as the river bank acts as a geometrical constraint preventing lateral












where, hDT is the water depth at the draft tube exit section when HPP design discharge
Qdesign equals river discharge, vvertical is a vertical velocity at the draft tube exit section,
NT is the number of turbines, and ADT is the mean cross-sectional area of the draft tube
exit section.
𝐿 ℎ 𝑣𝑣
𝐿ℎ  =  𝑣𝑣
𝑣  =  𝑄𝑁  𝐴ℎ𝑄 𝑣𝑁 𝐴
 
𝐿 =𝑣  𝑣 =𝑈𝑊 𝑈𝑊 𝑈𝑊ℎ = 𝑣𝑣
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Figure 3. Schematic longitudinal section of the turbulent zone in a tailrace downstream of a vertically
mounted Kaplan turbine with elbow draft tube; LTZ = length of the turbulent zone; vvertical = vertical
velocity; vm = bulk mean velocity at draft tube exit section; tailwater levels UW30, UW330 with 30
and 330 days of nonexceedance and UWdesign at design discharge of HPP; hDT = water depth at draft
tube exit section.
The vertical velocity vvertical is unknown and cannot be easily assessed. To obtain
vvertical we calibrated Equation (2) with direct observation of the length of the turbulent
zone. We inferred that the most downstream location in the tailrace, where boils and
reverse flows at the water surface are observable, demarcates the downstream extent of
the turbulent zone. Four experienced hydraulic engineers assessed the water surface
during HPP design discharge and gave an independent estimate. The most downstream
estimation was chosen to ensure a conservative estimate. The longitudinal distance to the
draft tube exit section (LTZ) was measured directly at the river bank during the assessment.
This procedure was applied at a total of 13 different HPPs at turbine design flow conditions
(Table 1). HPP parameters were obtained from the hydropower operators, tailwater levels
were retrieved from the hydrologic information system FLYS 3.2.1 (Federal Institute of
Hydrology, Koblenz, Germany).
The observed length of the turbulent zone was normalized with the water depth at
the draft tube exit section and then plotted against the design bulk velocity of the draft
tube exit section (Figure 4). The data were separated by turbine orientation because their
flow characteristics differ. The gradient of the least squares linear fit without zero offset
represents the reciprocal value of the vertical velocity which we estimate to be 0.56 m/s for
VMT with elbow draft tubes and 0.70 m/s for HMT with straight draft tubes. For HMT
we use a point estimate because of the limited number and short range of observations.
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Deviation of the points from linear may be explained by (1) the subjective nature of the
observations, (2) missing parameters such as draft tube or channel geometry and other site-
specific attributes, and (3) limited number of observations and short range of conditions
for HMT.
Table 1. Parameters of the inspected dams where the length of turbulent zones were assessed by visual observation; VMT


















Moselle Lehmen 4 400 63.0 8.46 HMT 20
Müden 4 400 63.0 8.38 HMT 20
Fankel 4 400 63.2 8.51 HMT 18
St. Aldegund 4 400 64.6 8.55 HMT 18
Main Eddersheim 3 180 71.2 7.22 VMT 13
Kleinostheim 2 204 55.6 7.20 VMT 20
Obernau 2 175 66.0 6.10 VMT 14
Wallstadt 2 150 61.4 6.07 VMT 14
Freudenberg 2 145 66.2 6.48 VMT 17
Neckar Gundelsheim 1 80 73.3 6.35 VMT 12
Kochendorf 3 94 24.3 5.35 VMT 14
Horkheim 2 75 27.4 4.56 VMT 12
Lauffen 2 80 24.6 4.43 VMT 12
 𝐿 /ℎ𝑣 𝑣 = 0.56 m/s𝑣 = 1.58 m/s 𝑣 = 0.7 m/s
Figure 4. Normalized length of turbulent zone LTZ/hDT , as recorded from site inspections, for
various bulk velocities vm at the draft tube exit section for horizontally mounted turbines (HMT) and
vertically mounted turbines (VMT). Linear fit from Equation (2) with vvertical = 0.56 m/s for VMT
and point estimate at vm = 1.58 m/s with vvertical = 0.7 m/s for HMT.
2.4. Propagation Length of Attraction Flow
2.4.1. Turbulent Rectangular Surface Jet
We simplify the attraction flow as a turbulent, rectangular surface jet corrected for the
influence of slot geometry, wall presence and concurrent flows. To calculate the distribution
of time-averaged velocities of the attraction flow, we enhanced an existing jet propagation
model [32] to meet the boundary conditions present at the entrance of a fishway. Briefly,
a three-dimensional jet from a rectangular opening may be classified into three distinct
zones when regarding the centerline velocities: a potential core zone, a two-dimensional
zone and an asymmetric zone [33–36]. The transition between the different zones may be
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calculated as a function of turbulent mixing processes. In [32], the inner diffusion angle is
introduced as a measure for the lateral spreading of a jet which is in a range from 4.0◦ to
5.5◦ for two-dimensional, axisymmetric jets. For surface jets, the water surface is commonly
modelled as symmetry axis neglecting turbulent free-surface currents due to anisotropy of
Reynolds normal stresses [37].
Assuming x is the centerline axis at the surface, and v0 the initial jet velocity at x = 0,







with b being the width of the rectangular opening, i.e., b < h (with h being the height of
rectangular opening) and αi the inner diffusion angle. The transition coordinate x1 between








The velocity decay for the two-dimensional zone is proportional to x−
1
2 and for
the axisymmetric zone x−1 [32,34]. Consequently, the piecewise function for velocity




















x/b for x > x1
(6)
We specified a value for αi = 5.0
◦ in our test cases using numerical simulation for
various aspect ratios b/h [38].
We use Equation (6) to determine the propagation length of a jet emerged from fishway
slots with arbitrary aspect ratios b/h. In Figure 5, the half-length of turbulent rectangular
surface jets Lx, where velocities on the centerline axis are half the initial velocity, v = 0.5 v0,
are calculated for typical aspect ratios of fishway entrances and compared to results from
physical or numerical simulations [32,39–42]. Additionally, a function based on the point-
source concept for the half-length is plotted [43]. The comparison yields a good agreement,
but with a tendency of underestimation.
 𝐿 /𝑏 𝑏/ℎ
𝑥  = 𝑣  = 𝑣  =𝑦  =
𝑦𝑥 𝑥𝑦 ≈  5 − 7𝑣 ,𝑣 ,𝑣 ≈ 0.2
Figure 5. Normalized half-length Lx/b of turbulent rectangular surface jet for aspect ratios b/h from
0 to 2. Different markers refer to results of published investigations [32,39–42].
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2.4.2. Correction for Ambient Flow
The attraction flow is introduced into an inhomogeneous and highly turbulent tailrace.
In the entrance bay stationary eddies result in reverse flows at the river bank. Reverse
flows in the entrance bay reduce the average velocity of the fishway attraction jet and
consequently result in a shorter propagation length (Figure 6).
𝐿 /𝑏 𝑏/ℎ
 
𝑥  = 𝑣  = 𝑣  =𝑦  =
𝑦𝑥 𝑥𝑦 ≈  5 − 7𝑣 ,𝑣 ,𝑣 ≈ 0.2
Figure 6. Schematic sketch to visualize the recirculation zone and reverse flow present in a fishway
entrance bay; xr = length of recirculation zone; vr = reverse flow velocity; va = mean ambient
velocity; yr = lateral offset of fishway entrance bay.
We simplified the actual flow field to an ideal two-dimensional case although it is
really highly three-dimensional, and validated this approach with detailed 3D numerical
simulations of an actual tailrace (see below). In this estimation flow processes in a tailrace
are similar to those present in backward-facing steps in a homogeneous flow field. Accord-
ing to [44,45], for a backward-facing step of distance yr, the length of the recirculation zone
xr at high Reynolds number conditions is
xr
yr
≈ 5 − 7 (7)
Maximum reverse flow velocities vr,max present in a large region of the recirculation




with va being the ambient velocity. Typical values for yr in tailraces are 2–3 m which results
in recirculation lengths of about 10 to 21 m. At turbine design flow, bulk mean velocities at
the draft tube exit are in the range of 1–2 m/s, thus reverse velocities may be in a range of
0.2–0.4 m/s assuming this flow is representative of the ambient tailrace velocity va.
We used investigations reported in [32] to assess the effect of reverse flow on propa-
gation length of the turbulent surface jet. For free symmetric jets with exit velocity v0 in
homogeneous reverse flows with velocity vr, the reduction of the propagation length Lx,a
compared to a free jet in quiescent water Lx can be obtained from nomograms for arbitrary






Besides mean reverse flows, large-scale turbulence also shortens propagation length of
the fishway discharge plume [47–49]. Although turbulent fluid particles typically protrude
from the draft tube outflow into the fishway entrance bay, it is not possible to analytically
estimate the effect of turbulent processes on propagation length. As a consequence, we
used the conservative approach of applying the estimated maximum reverse velocity along
the entire length of the attraction flow to account for the effect of turbulence.
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We performed 3D-hydrodynamic simulations of the tailrace at Eddersheim Dam
located at the Main River in Germany to verify our approach for estimating the propagation
length of the fishway discharge flow with concurrent turbine discharge. Details of the
numerical methods are given in Appendix A. We varied the turbine discharge so that vr/v0
took values from 0 (no discharge) to 0.15 (design discharge). The outlet velocity of the
fishway entrance was held constant at v0 = 1.5 m/s, and vr was obtained by Equation (8).
For each discharge, we measured the length of attraction flow Lx,a where v = 0.5 v0, and
plotted results against the velocity ratio vr/v0 (Figure 7). We obtained good agreement
between analytical and numerical estimates of propagation length with a slight tendency
to overestimate the reduction with the analytical approach.
𝑣  𝑦
𝑣 𝑣𝑣𝐿 ,  𝐿𝑣 𝑣⁄ 𝑣 =0.5 𝑣 𝐿 ,𝐿  =  𝑒  
𝑣 𝑣⁄ 𝑣 = 1.5 m/s 𝑣𝑟 𝐿 ,  𝑣 =  0.5 𝑣 𝑣 𝑣⁄
 𝐿 , /𝐿𝑣 𝑣⁄ 𝐿Figure 7. Reduction of the normalized propagation length Lx,a/Lx of turbulent jets in reverse flowsfor velocity ratios vr/v0 as obtained from [32]. Normalization with propagation length Lx without
reverse flow. Approximation with an exponential fit (Equation (9)). Comparison with results from
3D-hydrodynamical simulations in the tailrace of Eddersheim Dam.
2.4.3. Correction for Slot Geometry and Lateral Wall
The investigations on jet propagation described above assume the most upstream
velocity profile is homogenous. However, hydraulic conditions at fishway entrances
differ because (1) flow in entrance pools is highly turbulent and inhomogeneous, (2) the
entrance consists of a vertical slot instead of nozzles (which have been comprehensively
investigated [32,36]) and (3) typical entrances are located near solid boundaries (e.g., river
banks or concrete walls) that may influence jet propagation. To quantify the impact
of these boundary conditions on the attraction flow, numerical simulations of differing
slot geometries and lateral wall presence were performed [50]. It was found that the
propagation length of jets emerging from vertical slots with inhomogeneous and turbulent
upstream conditions show reduced propagation. In contrast, presence of lateral walls
located at a distance from the slot extends the length of the attraction discharge jet.
The complexity of flow through a fishway entrance slot and the number of parameters
that influence the propagation length of a turbulent jet prevents the formulation of a one-
or two-term analytical solution. Therefore, the effects of these parameters on propagation
length are represented by a conservative, constant correction factor of 1.2 (in accordance
with [50]). In order to use a constant factor, it is necessary to define that the entrance slot
must be located at a lateral distance of one slot width from the river bank or a lateral wall.
2.5. Determination of Width of Entrance Slot and Attraction Discharge
Using Equations (1) and (6), the width b of an entrance slot to provide the required
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where k is a form factor of the jet propagation; C1 and C2 are correction factors for the
fishway entrance configuration; αi = 5
◦ is the inner diffusion angle of the rectangular
surface jet; vattraction = 0.8 m/s is the minimum attraction velocity; and vES is the design
velocity of the entrance slot. The form factor k is calculated as
k =
{
1 for LTZC1C2 tan(αi) ≤ hdesign
LTZ tan(αi)
C1C2hdesign
for LTZC1C2 tan(αi) > hdesign
(11)
where hdesign is the downstream water depth at the entrance slot during an HPP discharge









We consider the effect of entrance geometry on the propagation of the attraction flow
to be represented as a constant factor of C2 = 1.2. For a given slot width b, attraction
discharge may be roughly calculated to
QAF = b h vES cd (13)
where h denotes the water depth downstream of the slot, and cd is the discharge coefficient
of the slot. To be consistent with slot hydraulics in the fishway (e.g., meet the velocity
thresholds) we assume that the coefficient for the entrance slot is equal to those of the
fishway slots. We chose cd = 0.92 according to the established coefficients of vertical slot
fishways [10]. The design velocity of the entrance slot vES is calculated with the design
head loss ∆hn as
vES =
√
2 g ∆hn (14)
This velocity should be kept constant for varying tailwater levels in order to maintain
a well-defined attraction flow e.g., by adding auxiliary discharge into the entrance pool.
3. Results
3.1. Attraction Discharge
Our approach is depicted in Figure 8 as a nomograph for k = 1 when water depths
hdesign in the entrance are sufficiently large compared to the length of the turbulent zone
(see Equation (11)), and the attraction flow from the HPP propagates primarily as a two-
dimensional surface jet. We assume an entrance velocity vES = 1.5 m/s which is typical
for German federal waterways. The resulting attraction discharge is normalized by the
design discharge of a single turbine Qdesign,T and the bulk velocity at the draft tube exit vm
can be represented by an array of curves.
The required attraction discharge can be calculated within a range of 1 to 10 percent
of the discharge of a single turbine depending on the geometric and hydraulic conditions
at the site. For example, fishway attraction discharge increases linearly with entrance flow
depth (or water depth) and with higher bulk velocities at the draft tube outflow. In contrast,
effective attraction discharge decreases if mean outflow velocities are reduced or if the
cross-sectional area of the draft tube exit increases.
3.2. Case Study
We apply our methodology to four dams of the German federal waterways system,
where fishways are currently being planned (Table 2). These dams have been the target of
detailed physical and numerical hydraulic models to determine slot geometries and fishway
attraction discharges [9,51–53] against which we can compare our parametric approach.
A summary of the respective investigations for all study sites is given in Appendix B.
Boundary conditions at Lauffen, Kochendorf and Wallstadt Dams agree with those given
in Section 2.2, notably the entrances into the fishways are located directly lateral to the
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draft tube exit sections, an entrance bay is located laterally to the tailrace, and attraction
flows are released in the turbine tailrace. Attraction discharge is regulated depending
on the tailwater level in order to provide constant water velocities at the entrance with
the exception of Lehmen. There, the attraction discharge is kept constant and the water
velocities in the fishway entrance are regulated by a sluice gate controlling the flow height.
𝑘 =  1ℎ 𝑣 =  1.5 m/s𝑄 ,  𝑣
  
(a) (b) 𝑄 𝑄 ,𝑣  =  1.5 m/s 𝑘 =  1𝑄 𝑣  = ℎ ℎ  =𝐴
Figure 8. Attraction discharge QAF normalized by design discharge of the adjacent turbine Qdesign,T at hydropower
plant for a velocity at entrance slot vES = 1.5 m/s and a form factor k = 1 determined using Equations (10)–(14)
for hydraulic conditions at Qdesign (a) for vertically mounted Kaplan turbines and (b) for horizontally mounted Kaplan
turbines; vattraction = minimum attraction velocity; hdesign = downstream water depth at the entrance slot; hDT = water
depth at draft tube exit section; ADT = area of the draft tube exit section.
Table 2. Summary of basic parameters of the case study dams used to determine attraction flow.
Parameters Units Lauffen (Neckar) Kochendorf (Neckar) Lehmen (Moselle) Wallstadt (Main)
Tailwater level UW30 m NHN 1 161.62 142.97 65.12 112.66
Tailwater level UWdesign m NHN 161.99 143.3 66.36 112.90
Tailwater level UW330 m NHN 162.64 143.64 67.62 113.58
Bottom draft tube m NHN 157.68 138.00 57.9 106.80
Bottom entrance slot m NHN 160.42 141.87 63.92 111.46
HPP discharge Qdesign m3/s 80 100 400 135
Number of turbines NT - 2 3 4 2
Draft tube area ADT m2 29.75 32 63 61.38
Turbine type - vertical vertical horizontal vertical
Velocity at entrance slot VES m/s 1.53 1.53 1.53 1.61
1 m NHN is meters above standard elevation zero, a vertical datum used in Germany.
Using our methods and the input data of Table 2, we calculate the lengths of the
turbulent tailwater zone, widths of the entrance slots, and fishway attraction discharges
for each location and for tailwater levels UW30, UWdesign and UW330 (Table 3). For the
Lehmen Dam it is necessary to estimate some of the values (e.g. bottom of entrance slot)
because these values are not available. The results are compared with those derived from
detailed numerical or physical investigations for the case study locations and also with
values calculated by the conventional simple methods described in the Introduction. For
this purpose, we use standard values to parameterize the simple methods as follows:
• One percent and 1.5% as lower and upper estimates, respectively, of the design
discharge of the entire HPP as proposed for French rivers [14].
• Five percent of the design discharge of the turbine adjacent to the fishway as proposed
for German Waterways [17].
• Five percent of the maximum HPP discharge proposed for rivers in the UK [16].
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These results should be understood as maximum discharges which are usually needed
at high tailwater levels during Q330.
Table 3. Length of turbulent zone LTZ, slot width b and attraction discharge QAF during different hydraulic conditions for
the fishway entrance near the turbine draft tube exit calculated with the parametric design approach, detailed methods and
simple approaches for the case study locations; values for [14] are for 1% and 1.5% (in parentheses).







Lauffen LTZ m 10
[51] Slot width b m 0.68 0.70






QAF(UW330) m3/s 2.1 2.1 0.8 (1.2) 2.0 4.0
Kochendorf LTZ m 10
[9] Slot width b m 0.58 0.50






QAF(UW330) m3/s 1.4 1.35 1.0 (1.5) 1.7 5.0
Lehmen LTZ m 19
[53] Slot width b m 1.42 1.7






m3/s 7.4 4.0 (6.0) 5.0 20.0
Wallstadt LTZ m 12
[52] Slot width b m 0.63 0.60






QAF(UW330) m3/s 2.0 1.9 1.4 (2.1) 3.4 7.0
Our calculated slot widths and attraction discharge agree well with the values derived
from numerical and experimental simulations for Lauffen, Kochendorf and Wallstadt
(Figure 9). Our maximum slot width deviation is 0.08 m or 15%. Our maximum deviation
for attraction discharges is less than 0.2 m3/s or approximately 12%.
𝑈𝑊
  
(a) (b) 𝑏𝑄Figure 9. Comparison of the results of the present methods and case study results for (a) slot width b and (b) attractiondischarge QAF. Where available discharges are compared for three different hydraulic conditions as given in Table 3.
At Lehmen Dam, we can only compare our results to detailed studies at UW30 when
the flow heights in the fishway entrances are comparable to our case and with constraints
imposed by our approach. We underestimate slot width by 0.28 m or 17% and correspond-
ing attraction discharge by approximately 22%. Given the complexity and the overall
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uncertainty we consider our approach to be robust and conclude that our method leads to
plausible fishway design parameters.
The discharge recommendations from the selected simple approaches differ sub-
stantially among each other. Discharges recommended for our case sites using the UK
method [16] are about 3 to 5 times higher than recommendations using the French method [14]
while values from the method for German Federal waterways [17] are in between. Conse-
quently, our estimates of fishway attraction discharge in some cases match the results from
the simple methods (using the approach for German Federal Waterways at Lauffen [17] or
the estimate for French rives in Wallstadt [14]) and in some cases deviate strongly (using
the UK approach at all sites [16], the French approach at Lauffen and Lehmen [14], and the
German Federal Waterway estimates [17] at Wallstadt and Lehmen).
4. Discussion
4.1. Design Approach
At several stages during the development of the parametric approach we had to decide
whether to move ahead with a simplified estimation or to further deepen the understanding
of physics behind the processes. However, in order to reach the goal of a transparent and
reliable method which can easily be applied to a large number of different dams and rivers
it was necessary to reduce the complexity of the methods applied. The proposed approach
may therefore be considered as a first step towards this goal. The overall framework of the
approach provides the possibility to further enhance the underlying methods, to introduce
further metrics or to decide for deviating coefficient values. This applies in particular to
the quantification of the turbulent zone and the jet propagation.
The outcome of the visual measure used to calibrate Equation (2) can be influenced
by the actual hydraulic conditions, observation angles and individual perception. It is
advisable to report the process and the site-specific conditions in a detailed protocol to
enable the replicability of the results. The standard deviation of the individual length
estimates given by the four experts involved was less than 5% of the estimated value for
most of the dams and maximum 15% at two dams with ambiguous tailrace characteristics.
No other easily applicable methods are yet available to measure the length of the turbulent
zone. More sophisticated velocity measuring techniques capable to quantify turbulent
fluctuations in a tailrace often fail for practical reasons e.g. availability of steady flow
conditions, accessibility of the tailrace, or for operational safety aspects in the vicinity of
the turbines. Furthermore, despite the availability of several frameworks that combine fish
movement and turbulence [54,55], there is no translation of the measured hydraulic values
that correspond to fish perception. Thus, we are still not able to exactly define turbulence
limits for fish in realistic tailraces and consequently to determine the length of the turbulent
zone. Ultimately, the formulation of a universal relation fails because of differences in
individual fish performance. Therefore, the proposed Equation (2) in combination with
calibration at a number of different dams seems appropriate as basis for our approach,
especially when it is necessary to estimate attraction flow for a great number of sites and
thus support program scale decisions. It is acknowledged that further observations at other
dam locations may increase the reliability of the assessment, especially for horizontally
mounted turbines where only few observations have been possible.
The modelling of jet propagation required additional investigations and definitions to
account for the relevant influences. While some of the processes are widely investigated
(jet propagation) factors like reverse flow and slot wall correction needed to be customized
for the specific boundary conditions at fishway entrances. Here, simplification was also
indispensable. Regarding the manifold dam locations at German federal waterways we
concluded that exact and detailed representation of entrance and tailrace geometries would
not facilitate a practical approach. For example, the effect of reverse flows in the tailrace
on the attraction jet was considered by a simple two-dimensional analytical approach.
Parameters that were not considered in detail are: vertical and lateral offset of the attraction
jet, inclined ramps downstream of the entrance slot, velocity distribution and turbulence
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characteristics of the turbine outflow, among others. However, including conservative
assumptions in our approach we could establish a consistent formulation that shows good
agreement to detailed numerical simulation that was used for validation.
The effect of slot geometry and its lateral distance to an adjacent wall also was found to
have an important impact on jet propagation [50]. Most efficient in terms of propagation are
slots close to a lateral wall because the jet attaches quickly to the wall and propagates further
downstream. For our approach we decided to use a typical distance of one slot width as
maximum permissible distance to the wall and established a correction factor accordingly.
For smaller distances the approach is conservative since a faster wall attachment results in
increased propagation. However, a minimum distance between jet and wall will allow fish
to approach the slot from either side without having to navigate the jet directly, which will
save energy during the ascent [56]. Larger distances between slot and wall are not covered
by the present approach. They would require a smaller correction factor resulting in an
increase of attraction discharge to propagate as required.
4.2. Validation
Despite the above discussed necessary simplifications resulting attraction flows for
the four dams of the case study were found to be in good agreement with the discharge
recommendations from the detailed models, especially if the construction and arrangement
of the fishway entrance meet our requirements given in Section 2.2. In this case, maximum
deviations for slot width and attraction discharge were less than 15%.
In contrast, our results show that attraction discharges obtained from simple methods
(calculated by percentages of competing discharge only) sometimes match the results from
detailed models but more often deviate as far as ±40 to 50% (see Table 3). The definition
of competing discharge is considered as the main reason for the variability regarding the
attraction flow obtained from simple methods. Using a proportion of average annual daily
flow for attraction discharge, [16] follows the idea that at larger rivers more discharge from
the fishway is needed to attract fish. However, as shown by [9] even a large attraction
discharge can only affect the tailwater section close to the bank. The geometrical shape of
the river bank can be very similar at rivers of very different sizes, so that an attraction flow
solely based on the total river runoff may have very different effects. Using a proportion
of the maximum design flow of the HPP for attraction discharge follows the idea that the
fishway needs to compete with the total HPP outflow since it is the most attractive part
of the river for upstream navigating fish [14]. For propagation of the attraction flow, the
maximum design flow of the total HPP is less important than the flow through the turbine
close to the bank, though. Thus, an attraction discharge calculated as a proportion of total
HPP outflow will work out very differently depending on the total number of turbines.
Using a proportion of the maximum flow of the turbine next to the fishway takes up the
idea that attraction flow mainly affects the area close to the bank and additional turbines
do not increase the required attraction discharge [9,17]. Although this approach is closer to
our method it does not take turbine characteristics into account that may influence flow
velocities in the tailrace and act differently on the attraction flow. A draft tube regains
potential energy by reducing kinetic energy of the flow [22], so that less attraction flow is
required at locations with more efficient draft tubes having lower mean flow velocities and
a shorter turbulent zone.
Besides competing discharge, other important factors influence shape and length of
the attraction flow, mainly slot geometry, and velocity at the fishway entrance slot. The
simple approaches neither explicitly consider these factors nor do they limit the application
to specific geometric and hydraulic conditions of the entrance and tailrace (comparable
to design criteria given in Section 2.2). In summary, we find that the resulting attraction
flow of the simple approaches only agree with those of complex models if the essential
geometric and hydraulic conditions coincide by chance, which is the case at the Lauffen
Dam when compared to [17] (Table 3).
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Based on these considerations and given the assumption that from the methods com-
pared the detailed approaches provide the best representation of reality, we can attest our
parametric approach an approximation that is closer and significantly more consistent than
the results of the simple approaches and easier applicable than sophisticated modelling.
4.3. Significance in the Context of Planning
Our approach, because of its simplicity, allows planners to determine the necessary
fishway attraction discharge early in the planning process and, thereby, prevent major
revisions to dam design later in the planning process when many features of the dam
have already been established. This is particularly important when operating discharge of
the fishway is insufficient to provide effective attraction flow and must be supplemented
by auxiliary water. Auxiliary water for attraction, which may be substantial, is usually
introduced into the pool immediately upstream of the entrance slot [10]. The extensive
structures associated with the auxiliary water supply (upstream intake, piping, screens to
prevent fish entry into the water supply pipe, energy dissipation structures, maintenance
access, and valves to regulate the quantity of auxiliary flow) also have to be considered [57].
Identifying the need for auxiliary water early in the planning process reduces cost and
increases planning efficiency.
However, further work is needed to evaluate our approach for HPPs that are larger
than the mid-sized dams that are the focus of our studies. Our approach may not apply
for large dams with extended turbulent zones (>20 m) because more than a single fishway
entrance located near the draft tube outflows may be needed to meet fish passage goals.
The required attraction discharge increases substantially in such cases and slot widths of
1.6 m or larger may be needed. An increased requirement for auxiliary water supply could
raise problems concerning the availability of water, the integration of the auxiliary water
system with other project infrastructure, and other site-specific issues such as provision for
maintenance and repair of the fishway. Consequently, for large rivers outside the range of
our case-histories it may be better to provide a second fishway entrance either downstream
of the main entrance or on the other side of the HPP [26].
At small HPPs with a shortened turbulent zone, low discharges, and small tailrace
dimensions, our approach may determine slot widths that would be smaller compared to
ecological requirements necessary to meet fish passage goals (e.g., minimum slot width
according to target species). In these cases, our parametric approach shows that operational
discharge of the fishways already provides a sufficient attraction flow and that an auxiliary
water supply is not needed.
5. Conclusions
The German Federal Waterway and Shipping Administration (WSV) is faced with the
major challenge of restoring river continuity at a large number of dams without fishways
in German waterways. Our approach is a step towards development of an objective and
reliable method to determine attraction flow for fishways that can be applied to many
dams at a program scale to meet the requirements of the water frameworks directive. The
approach enables recommendations for fishway attraction flows for dams of different
locations and sizes using easily obtained site specific information. By incorporating tailrace
flow patterns more accurate discharge estimates are possible than methods using solely
HPP or dam flow summaries as are presently used. Comparison of our results to four
different dams where attraction discharge was determined using detailed hydraulic studies
show good agreement for width of the entrance slot and the attraction discharge. We
acknowledge our approach still leaves uncertainties that are not completely addressed
including the length of the turbulent zone in a turbine tailrace and the effect of turbine
discharge on the propagation of the attraction flow, among others. We anticipate that further
investigations at three pilot locations currently in planning at German waterways [58] will
identify additional parameters whose use may possibly increase the accuracy of attraction
Water 2021, 13, 743 16 of 21
flow and slot width determinations. However, the overall results of our approach are
consistent with detailed studies so that we recommend our approach for implementation.
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Appendix A
To validate the influence of the concurrent turbine flow on the propagation of the
fishway attraction flow, computational fluid dynamics simulations were performed at
Eddersheim Dam, Main River, using the open source toolbox OpenFOAM 4.1 from Open-
FOAM Foundation Ltd, London, UK [59]. The transient multiphase solver interFoam [60]
was used to model the flow fields employing a volume-of-fluid approach to track the free
surface. A Reynolds-averaged Navier–Stokes (RANS) k-ω shear stress transport (SST)
model was employed as turbulence model. It combines the advantages of the k-ω and k-ε
model by using k-ω near the wall and k-ε in the free flow region [61].
The model domain included the fishway entrance and the tailrace of the three turbines
up to 100 m distance as presented in Figure 6. The bathymetry was modeled after data from
multibeam echosounder of the river bed. The fishway entrance was located close to the
hydraulic power plant, 3 m downstream of the draft tube exit section. The slot width was
0.9 m. The meshing process was similar to that described in [9]. The basic grid resolution
was 0.8 m, with refinements in the water zone up to 0.2 m. The water surface, fishway
entrance pool and the tailrace of the turbine closest to the river bank were further refined to
0.1 m. The slot walls were refined to 0.05 m. The total grid size was about 6.2 million cells.
The velocity distribution at the vertical draft tube exit plane was calibrated by means of
velocity measurements performed with a moving-vessel acoustic Doppler current profiler
(ADCP) in the turbine tailrace. A Rio Grande ADCP (Type WHRZ1200-I-UG4 1200 kHz)
from RD Instruments was used to record two transects in 10 m and 20 m distance to the
draft tube exit plane at a discharge of 70 m3/s of the bankside turbine. Each transect was
navigated 120 times and results were averaged to reduce uncertainty due to turbulent
fluctuations. During calibration, the draft tube exit plane velocity distribution was ad-
justed to minimize the root mean square error (RSME) between simulated velocities and
measurements in both transects (RSME = 0.13 m/s).
Five different discharge scenarios for the turbine adjacent to the river bank were
simulated with the calibrated model: Q = 0, 15, 30, 45 and 70 m3/s. The principal velocity
distribution at the draft tube exit section was kept for all scenarios, but the discharge was
scaled linearly. Tailrace water levels were constant in all scenarios and attraction flow of
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the fishway was 1.73 m3/s. Examples of the resulting mean flow field for 0 and 70 m3/s








𝑣 >  0.8 m/sFigure A1. Top view of tailrace and entrance bay of the hydrodynamic-numerical model of the dam in Eddersheim (MainRiver); streamlines of the attraction flow (v > 0.8 m/s) and the mean flow field of the turbine are plotted for (a) turbine
discharge = 0 m3/s, (b) turbine discharge = 70 m3/s.
Appendix B
The dams used for the case study are typical dams at German federal waterways
(Figure A2). Information about the dams and the investigations to determine attraction
flow are described below.
Lauffen
Optimum attraction flow for the fishway main entrance at the Lauffen Dam was in-
vestigated with a laboratory scale (1:10) model that includes both turbines, their respective
draft tubes, tailrace geometry, and the fishway entrance and entrance bay [51]. The entrance
is connected to the tailwater bottom by an inclined ramp. Velocity profiles were collected
in the tailrace using an acoustic Doppler velocity profiler (ADCP) to calibrate numerical
and physical models of the flow characteristics in the near field of the fishway [62]. The
flow fields of multiple different entrance configurations and flow rates were measured
in the scale model with acoustic Doppler velocimeters (ADV) and evaluated for their
ability to provide a suitable migration corridor for migrating fishes. An optimal entrance
slot width of 0.7 m, and attraction discharges of 1.1 m3/s for low water levels (UW30),
1.4 m3/s for design conditions of the HPP, and for 2.1 m3/s for high water levels (UW330)
were determined.
Water 2021, 13, 743 18 of 21





Figure A2. Aerial photos of dams on the Neckar River at (a) Lauffen and (b) Kochendorf, the Moselle River at (c) Lehmen,
and the Main River at (d) Wallstadt.
Kochendorf
Effective attraction discharges for a fishway entrance at the Kochendorf Dam on the
Neckar River were determined with a computational fluid dynamics model to simulate
hydraulic conditions in a tailrace [9,63]. The numerical model domain includes three tur-
bines with draft tubes and the fishway entrance at the bankside draft tube exit section. In
contrast to the fishway design at Lauffen, the Kochendorf entrance configuration includes
an additional bottom entrance instead of an inclined ramp. Both the near surface and
bottom slot are 0.5 m wide. For the simulations, the transient 3D solver interFoam is used
where the free water surface is modelled with the volume of fluid (VoF) method and turbu-
lence is modelled with the delayed detached-eddy simulation technique [9]. We conclude
an optimized attraction discharge of 1.7 m3/s for high tailwater levels corresponding to
UW330 is sufficient to ensure a contiguous migration corridor. This discharge is split into
a discharge of 1.35 m3/s for the near-surface entrance and to 0.35 m3/s for the bottom
entrance. At low tailwater levels, the discharge for the upper entrance opening reduces
to 0.8 m3/s.
Lehmen
Computational fluid dynamics simulations were performed to design entrance pools
and slots at Lehmen Dam on the Moselle River, a French–German River with annual daily
average discharge of approximately 350 m3/s [53]. In contrast to the other case study
locations, three fishway entrances are currently planned for this dam, including two near
the draft tube and one farther downstream of the turbines. A constant discharge of about
Water 2021, 13, 743 19 of 21
5 m3/s is provided for all three entrances and hydraulic conditions. A sluice gate at each
entrance regulates the flow height to ensure a constant velocity for all tailrace water levels.
The maximum slot width of the main entrance located near the draft tube is 1.7 m and
releases an attraction discharge ranging from 2.5–3.1 m3/s.
Wallstadt
Attraction flow for the fishway at Wallstadt Dam on the Main River was investigated
using 3D computational fluid dynamics simulations [52]. The numerical model domain
includes two turbines with draft tubes and a fishway entrance adjacent to the draft tubes
near the left bank. We use the transient 3D solver interFoam where the free water surface
is modelled with the volume of fluid (VoF) method and turbulence is modelled with a
statistical k-ω STT model. Turbine and attraction tailwater velocity profiles for model
calibration were measured on-site using ADCP. Simulations were performed to evaluate
alternative widths of the entrance slot and attraction discharges. Model results indicate
an optimized attraction discharge of 1.9 m3/s for high tailwater levels (corresponding to
UW330) with an entrance slot width of 0.6 m produces an acceptable migration corridor. An
attraction discharge of 1.1 m3/s produced an acceptable migration corridor for low water
levels (corresponding to UW30).
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